Corn stover is a lignocellulosic biomass, an agricultural by-product, a possible raw material for xylose production. In this study corn stover was hydrolyzed with sulfuric and hydrochloric acid. In the presented work, hydrochloric acid resulted in the highest, 88.8 % xylose yield of theoretical under the conditions of 2 % (w/w) hydrochloric acid concentration, 40-minute reaction time, 10 % (w/w) dry matter, at 120 °C. Sulfuric acid experiments resulted in 81.9 % xylose yield of theoretical by using 1.5 % (w/w) sulfuric acid, 60-minute reaction time, at 140 °C, 7 % (w/w) dry matter. Acid hydrolysis at low dry matter content resulted in relatively low sugar concentrations. Hydrolyzate recycling concentrated xylose to three-times, while the recycling does not decrease the xylose yields. It is also shown that the pseudo first-order and biphasic kinetic models can be based on total sugar concentrations.
Introduction
Recently, more attention has been paid to increasing utilization of lignocellulosic biomass. Lignocellulosic biomass is an abundant, renewable, low-cost feedstock having the potential to be converted into value-added bioproducts. Lignocellulosic biomass in general consists of mainly three different types of polymers: 38-50 % cellulose, 23-32 % hemicellulose, and 15-25 % lignin on dry basis. [1] [2] [3] To effectively convert lignocellulosic materials into valuable products pretreatment is inevitable. 4 Acid pretreatment of lignocellulosic feedstock at relatively high temperatures helps to remove part of the lignin from the structure, and solubilizes cellulose and hemicellulose to various extents. 1 Two categories of acid treatments can be distinguished: concentrated acid/low temperature and dilute acid/ high temperature. For industrial applications, dilute acid processes (0.5-1.5 % (w/w) acid, 121-160 °C) have been most favored because they generally result in high hemicellulose recoveries, hydrolyze hemicellulose to monomeric sugars leaving a cellulose-enriched solid fraction. [5] [6] [7] The chemical mechanism in dilute acid hydrolysis is complex, since the reaction is heterogeneous. The substrate is in the solid phase, while the catalyst is in the liquid phase.
The mechanism depends on transport limitations, the effect of structure, and interactions owing to molecular forces. 8 The hemicellulose hydrolysis mechanism is the following: (i) generation of protons, (ii) migration of protons to the active site, (iii) disruption of molecular interactions, (iv) diffusion of hydrolysis products through pores in lignocellulose particles, and (v) mass transfer of products into and within the bulk solution. 9 Compared to concentrated acid hydrolysis, this pretreatment has several advantages: it generates less degradation products and less corrosion problems in the hydrolysis tanks. However, depending on the hydrolysis conditions applied during dilute acid pretreatment it has disadvantages, such as, the formations of inhibitor compounds like furfural, 5-hydroxymethylfurfural (HMF), acetic acid and phenolic compounds. 2, 8, 9 During dilute acid hydrolysis of lignocellulosic residues, parameters such as temperature, time, acid concentration, and solid-to-liquid ratio play a critical role in obtaining optimum sugar recovery and low concentrations of inhibitors. [9] [10] [11] Sulfuric acid is the usual acid employed, although hydrochloric acid, nitric acid and phosphoric acid can also be used. 7 Sulfuric acid treatment seems to be an appropriate pretreatment for corn stover to enhance obtaining useful products in a biorefinery process.
Corn stover consists of leaves, stalks, husks, tassels, and cobs of the corn plant remaining in the field after the harvest of cereal grain. 5 Previous studies have reported a large diversity in corn stover composition depending on both genetics and environmental factors. 12 Corn stover has been investigated as a fiber source for pulp and papermaking since 1929. 13 Corn stover is utilized as a raw material for bioethanol, biochemical and xylose production, which requires the effective hydrolysis of the hemicellulose content of corn stover.
Gao et al. removed 89 % of the hemicellulose from corn stover with dilute sulfuric acid pretreatment with solid-liquid ratio 1:20 at 130 °C for 30 minutes. 14 Lloyd and Wyman summarized some studies for pretreatment of corn residues. 15 For corn stover, the highest xylose yield varied from 53 % to 95 % of the theoretical. The highest xylose yield (95 %) was obtained by Tucker et al., with 1 % acid, 190 °C reaction temperature, 1.5-minute reaction time. 16 Dilute hydrochloric acid treatment of corn stover is also used for hemicellulose hydrolysis. The disadvantages of dilute hydrochloric acid treatment is that relatively high temperature is needed and inhibitory products including furfural, HMF, organic acid are generated at high reaction temperatures. 17 Hydrolyzate obtained with dilute acid hydrolysis of arabinoxylan-containing materials, such as corn stover, contains arabinose besides xylose. The α-1→2/3 bonds connecting arabinose moieties to the xylan backbone are more sensitive to the effects of pH and temperature than the β-1→4 bonds of the xylan, thus acid hydrolysis under mild conditions seems to be an appropriate method to selectively release a significant part of the arabinose from the hemicellulose of lignocellulosic residues. 18, 19 Fehér et al. investigated a selective arabinose release from corn fiber under mild conditions (90 °C, 5-10 minutes and 0.15-0.75 % (w/w) sulfuric acid). They reported that, at appropriately mild conditions, moderate arabinose yields were obtained with high selectivity, however, at high arabinose yields significant amounts of other sugars are also solubilized. 21 The kinetics of hemicellulose hydrolysis has been investigated in many studies. [20] [21] [22] [23] [24] [25] [26] Most of the models assume pseudo-homogeneous first-order reactions, and they can accurately reproduce experimental data, however, the determined parameters often apply to specific substrates and cover a narrow range of reaction conditions. Some of the models distinguish two fractions of the xylan (easy-to-hydrolyze and hard-to-hydrolyze), and both fractions have their own hydrolysis rate constants. 20, 23, 25 These models are referred to as biphasic models.
The present work aimed the investigation of selective xylose removal from corn stover. The goal was not only to maximize the xylose yield, but also to produce concentrated xylose solution, and to increase the xylose purity. For the latter, we report pre-hydrolyses aiming the selective arabinose removal and dilute sulfuric acid hydrolysis of arabinose reduced corn stover. To assess the efficiency of the arabinose removal and selective xylose hydrolyses, the total sugar concentrations including oligomers and monomers were used for the sugar components. The kinetic models for hemicellulose hydrolysis have been based on monomer and oligomer concentrations; however, the applicability of total sugar concentrations has not yet been demonstrated. In this study, we show that both pseudo first-order and biphasic models can be based on total sugar concentrations, which results in simple kinetic models for studying the efficiency of the arabinose removal and xylose hydrolysis.
Materials and methods

Raw material analysis
Corn stover was kindly donated by a Hungarian farmer. It was dried and chopped to less than 4 mm. Corn stover was stored at room temperature in plastic bags.
Determination of inorganic compounds
Analytical quantity of corn stover was measured in formerly annealed crucible, and the sample was incinerated in a muffle furnace equipped with a ramping program. 27 Ash content was calculated as the ratio of the weight after furnace and the original weight of the dry corn stover.
Determination of glucan, xylan, arabinan and lignin content
Determination of structural carbohydrates and lignin was accomplished using National Renewable Energy Laboratory (NREL) method with minor modifications. 28 A half gram dry, ground, representative sample was mixed with 2.5 mL of 72 % (w/w) sulfuric acid. The mixture was kept at room temperature for 2 hours, and mixed every half hour. After 2 hours, 75 mL of ultrapure (milli-Q) water was added to the mixture, and this was treated for an hour at 120 °C in autoclave. The sample was then filtered on G3 glass filter with vacuum. Liquid fraction was analyzed by high-performance liquid chromatography (HPLC).
Acid treatments
Corn stover (particle size less than 4 mm) was treated with sulfuric and hydrochloric acids. The re-actions were performed in 250-mL glass bottles filled with 100 mL of reaction volume. Sulfuric and hydrochloric acid treatments aimed the hydrolysis of the xylan content of corn stover.
Sulfuric acid hydrolyses at low temperatures (120 °C and 140 °C) were performed in autoclave using 5 % (w/w), 7 % (w/w) and 10 % (w/w) dry matter content. Acid concentration and reaction time were varied from 1.5 % (w/w) to 4 % (w/w) and from 60 to 120 minutes, respectively. The warm-up period of the autoclave from room temperature to 120 °C and 140 °C was 20 and 25 minutes, respectively. The cool-down period to 80 °C was 20 and 40 minutes after the treatments at 120 °C and 140 °C, respectively. The solid-liquid separation was performed at 80 °C. Sulfuric acid hydrolyses at high temperatures (150-180 °C) were performed in a Parr reactor using a dry matter content of 7 % (w/w). Acid concentration and reaction time were varied from 0.5 % (w/w) to 1 % (w/w) and from 5 to 10 minutes. The warm-up period of the Parr reactor from room temperature to 150-180 °C was between 35 and 55 minutes. The cool-down period was between 90 and 120 minutes. Hydrochloric acid hydrolysis experiments were performed at 120 °C using 10 % (w/w) dry matter in autoclave. Acid concentration and reaction time were varied from 2 % (w/w) to 4 % (w/w) and from 20 to 120 minutes.
Dilute sulfuric acid hydrolysis of corn stover aimed the selective release of the arabinose moieties from corn stover. The arabinose removing pre-hydrolysis experiments were performed at 90 °C in water bath, at 300 rotations per minute (rpm), at 7 % (w/w) dry matter using different concentrations of sulfuric acid [0.2 % (w/w); 0.25 % (w/w); 0.3 % (w/w)] with or without soaking. Soaking was carried out for 24 hours with the acidic liquid at room temperature before the dilute sulfuric acid pre-hydrolysis at 90 °C.
After acid hydrolyses, the supernatants were separated by filtration using nylon filter (100 µm). The liquid fractions were analyzed by HPLC and the solid fractions were washed with 80 °C distilled water, dried at 40 °C, and the glucan, xylan, arabinan and lignin contents were determined.
Experiment on a pilot scale
Pilot-scale experiment (10 L working volume) was performed in a 30-L BIOSTAT C-DCU reactor (Goettingen, Germany). The arabinose removing pre-hydrolysis was carried out with 1 kg corn stover and 0.3 % (w/w) sulfuric acid, at 90 °C, 4-hour reaction time, 10 % (w/w) dry matter. The warm-up period of the reactor from room temperature to 120 °C was 24 minutes and the cool-down period was 96 minutes. After the arabinose removing pre-hydrolysis, the corn stover was filtered on a 50 micron nylon filter, and washed with 80 °C distilled water. Arabinose reduced corn stover was hydrolyzed with 1.5 % (w/w) sulfuric acid, at 120 °C, 7 % (w/w) dry matter. Samples were taken every 10 minutes.
Hydrolyzate recycling
In the hydrolyzate recycling experiments, the supernatant (first hydrolyzate) obtained after the 1.5 % (w/w) sulfuric acid treatment (first hydrolysis) of corn stover, was separated from the solid fraction by vacuum filtration and reused to hydrolyze a new batch of corn stover (second hydrolysis). Both steps of the hydrolysis were carried out at 140 °C for 40 minutes at 7 % (w/w) dry matter content. After the second hydrolysis, the supernatant (second hydrolyzate) was separated from the solid fraction, and again a new batch of corn stover was hydrolyzed (third hydrolysis) under the same conditions. The aim of the hydrolyzate recycling was to increase the xylose concentration in the supernatant.
Kinetic modelling
We assumed a simple model based on the pseudo-homogeneous first-order reaction of the hydrolysis of polysaccharides into oligo-and monosaccharides, however, the sum of monosaccharides and oligosaccharides in monomer equivalent -referred to as total sugar -was considered as an overall product. where k refers to the first-order rate constant (min -1 ).
The total sugar concentrations has the advantages that 1) they merge the different solubilized forms of a particular sugar component as a single value, and 2) they directly show the efficiency of the arabinose removal and xylose hydrolyses.
The degradation of the sugar monomers is not incorporated in the model, since in the experiments used for modelling neither furfural, nor HMF were detected. When the curve fitting required the introduction of easy-to-hydrolyze and hard-to-hydrolyze fractions, the rate constant of the latter was assumed to be zero, and this assumption is the basis of the biphasic model. 21, 23 Curve fitting was performed using the software Berkeley Madonna (University of California, Berkeley, CA), and Runge-Kutta 4 integration method was applied.
Total sugar determination
Liquid samples were treated with 8 % (w/w) sulfuric acid at a volume ratio of 1:1, and treated at 120 °C in autoclave for 15 minutes to hydrolyze oligomer sugars into monomer sugars. Glucose, xylose, arabinose concentrations were determined by HPLC using BioRad (Hercules, CA, USA) Aminex HPX-87H column (300×7.8 mm) at 65 °C. Eluent was 5 mmol L -1 sulfuric acid, flow rate was 0.5 mL min -1 , and sample volume was 40 µL. Monosaccharides were detected and quantified by refractive index. In this study, the sugar concentration is given as total sugar concentration.
Acetic acid, furfural and HMF determinations
Acetic acid, furfural and HMF concentrations were determined by the same HPLC method as described in the Total sugar determination section.
Statistical analysis
Statistical evaluation was carried out using the software Statistica 12 (Statsoft Inc., Tulsa, OK). Two mean values were compared by performing independent two-tailed t-tests. The probabilities, the Pearson product-moment correlation coefficients, and the coefficient of determination are denoted by p, r and R 2 , respectively.
Results and discussion
Raw material analysis
The results of the raw material analysis are listed in Table 1 . The main components are glucan and xylan, which contribute 37 % and 25 % to the dry matter, respectively. Corn stover also contains 5 % arabinan, 15 % lignin, and 4 % inorganic compounds. The theoretical maximum amounts of xylose, glucose, and arabinose that can be released from corn stover are 28.6 g, 40.9 g and 8.1 g of 100 g dry matter, respectively. Sugar yield was expressed as percentage of theoretical based on the compositional analysis.
Weiss et al. reported the cellulose, xylan, and lignin content of corn stover ranging from 32.4-35.5 %, 18.5-21.8 % and 11.2-14.9 %, respectively. 5 30 In the case of the corn stover investigated in this study, xylan and arabinan contents were higher than those reported.
Sulfuric acid hydrolysis
Xylose yields obtained in sulfuric acid hydrolysis under different reaction conditions are listed in Table 2 . Low temperature (120 °C) sulfuric acid reactions resulted in 81.1 % xylose yield (23.3 g/100 g dry matter) at 60-minute reaction time, 4 % (w/w) sulfuric acid concentration, and 5 % (w/w) dry matter. High (4 %, w/w) acid concentration hydrolysis probably breaks down the cellulose structure, since glucose yield was 22 % of the theoretical under the same reaction conditions. At 120 °C, 10 % (w/w) dry matter, and at 2 % (w/w) sulfuric acid concentration, the increasing reaction time (60-120 minutes) resulted in higher xylose yield (69.4-71.1 %). However, at 120 °C, 10 % (w/w) dry matter, and 4 % (w/w) sulfuric acid concentration, the xylose yield decreased (75.6-72.3 %), while the reaction time increased (60-120 minutes). At 2 % (w/w) and 4 % (w/w) sulfuric acid concentration, high xylose yields were coupled with high degradation components yields. Low temperature sulfuric acid hydrolysis showed that at 10 % (w/w) dry matter, liquid could not impregnate corn stover, although xylose yields did not show significant difference at 5 % (w/w) and 10 % (w/w) dry matter (p = 0.07).
High temperature sulfuric acid reactions were performed with 0.5-1.5 % (w/w) sulfuric acid concentration, 7 % (w/w) dry matter, and the reaction temperature was varied from 140 to 180 °C. At high temperature sulfuric acid treatment, 81.9 % (23.5 g/100 g dry matter) xylose yield was obtained. In this case, 14 % (5.9 g/100 g dry matter) glucose yield was obtained. At 140 °C and 1.5 % (w/w) sulfuric acid hydrolysis, the yield of xylose increased by decreasing the reaction time. The same, 81.1 % xylose yield were obtained at 140 °C (60 minutes, 1.5 % (w/w) sulfuric acid, 7 % (w/w) dry matter), and at 120 °C (60 °C, 4 % (w/w) sulfuric acid, 5 % (w/w) dry matter) sulfuric acid hydrolysis. Hence, at slightly higher temperature, significantly lower amount of acid was needed. Reducing the quantity of the acid has several advantages: chemical cost reduction, less alkali needed to neutralize, and less by-products are created during the neutralization. Acetic acid appears at 140 °C in the hydrolysis solution, and 2.5-2.9 g/100 g dry matter yields were These results showed that, with temperature increase, less acid was needed to obtain the same xylose yield. Degradation components were also measured during the hydrolysis. Between 120 °C and 170 °C, the degradation component -HMF, furfural -yields were lower than 1 g/100 g dry matter (Table 2). At 180 °C, 10 minutes reaction time and 1 % (w/w) sulfuric acid concentration, only 12.5 % xylose yield was obtained, since the xylose probably degraded to a great extent under the harsh reaction conditions. In this work, the goal was also to solubilize xylose selectively from the corn stover. Hence, selectivity (S) was calculated as a ratio of xylose concentration to total sugars (glucose, arabinose and xylose) concentration. The highest selectivity (S = 0.72) was achieved at 120 °C, 2 % (w/w) sulfuric acid concentration, 60-minute reaction time and at 5 % (w/w) dry matter. At 140 °C reaction temperature, selectivity was 0.7. The lowest selectivity was obtained at 180 °C reaction temperature. Lu et al. obtained 0.73 selectivity [xylose/(glucose and xylose)] at 100 °C, 5.5 % (w/w) sulfuric acid concentration, 60-minute reaction time, although arabinose concentration was not mentioned. 31 In another paper, Dominguez et al. reported selectivity 0.87, at 100 °C, 2 % (w/w) sulfuric acid, solid to liquid ratio 1:4 and 2-hour reaction time. 32 
Hydrochloric acid hydrolysis
The results of hydrochloric acid hydrolysis are given in Table 3 . Hydrochloric acid hydrolysis with 2 % (w/w) acid concentration, 40-minute reaction time resulted in 88.8 % xylose yield, and the yields of degradation components were low (0.1 g/100 g dry matter) ( Table 3) . At 2 % (w/w) hydrochloric acid concentration, high xylose yield (79.4-88.8 %) was obtained in a short reaction time (20-40 minutes). In the case of hydrochloric acid reactions with 2 % (w/w) acid concentration and more than 40-minute reaction time, xylose degradation compounds were obtained. At 2 % (w/w) hydrochloric acid hydrolysis and 60-minute reaction time, 17 % less xylose yield was obtained than at 2 % (w/w) hydrochloric acid and 40-minute reaction time (p = 0.09). At 2 % (w/w) hydrochloric acid reactions, 0.9 g/100 g dry matter, furfural was obtained. Degradation component yield increased by increasing the reaction time. Xylose yield decreased at long reaction time (60-120 minutes). At 4 % (w/w) hydrochloric acid, approximately two-times higher furfural yields were obtained than at 2 % (w/w) hydrochloric acid hydrolysis during the same time (p = 0.14 and 0.12, respectively). Hence, xylose degraded to a greater extent at 4 % (w/w) acid concentration than at 2 % (w/w) acid concentration. In the tested reaction conditions with hydrochloric acid the highest, 98.7 % arabinose yield was obtained at 2 % (w/w) acid concentration, and 40-minute reaction time. Glucose yields varied from 11 to 16 % of the theoretical. Selectivity of the hydrochloric acid reactions was calculated as xylose to total sugars ratio. The highest (S = 0.67) selectivity was obtained at 120 °C, 2 % (w/w) hydrochloric acid and 20-minute reaction time. Higher selectivity was obtained at mild conditions. Dominguez et al. obtained 0.85 selectivity at 100 °C, 2 % (w/w) hydrochloric acid concentration and 2-hour reaction time. 32 Hydrochloric acid hydrolysis reaction worked differently than the reactions with sulfuric acid. In the case of sulfuric acid, significant xylose degradation started at high reaction temperature (170-180 °C). At 2 % (w/w) hydrochloric acid concentration, and 60-minute reaction time, 71.3 % xylose yield and 2.0 g/100 g dry matter furfural were obtained. At 2 % (w/w) acid concentration, 120 minutes, only 59.8 % xylose yield was obtained together with 2.8 g/100 g dry matter furfural (Table 3) , which indicated that the xylose degradation depended on the reaction time. Hydrolysis with 4 % (w/w) hydrochloric acid further increased the xylose degradation. A significant correlation (r = 0.82, p = 0.044) is obtained between the acetic acid and furfural, which indicates that similarly to the sulfuric acid hydrolyses, the release of acetic acid increases under more severe conditions.
Zu et al. pretreated corn stover under different conditions with 1 % (w/w) hydrochloric acid at relatively high reaction temperature (100-130 °C). Xylose yield ranged from 14.9 to 20.4 g/100 g raw material. The maximum xylose yield (92.2 % of the theoretical) was obtained at 120 °C and 40-minute reaction time. As the pretreatment severity increased, the xylose yield decreased due to the xylose degradation into furfural or other by-products, although degradation compounds were not reported. Glucose yield varied from 0.59 g/100 g raw material (100 °C and 20 minutes) to 2.33 g/100 g raw material (130 °C and 40 minutes). 17 
Hydrolyzate recycling
Concentration of xylose solution can be carried out with the recycling of the hydrolyzate. Sulfuric acid hydrolysis results showed that sulfuric acid did not degrade xylose considerably at low sulfuric acid concentration (less than 2 %, w/w) and low temperature (120-140 °C) ( Table 2) . Therefore, the supernatant can be used for hydrolyzing a new batch of corn stover. By hydrolyzate recycling, the xylose concentration increased, however, the concentrations of other components (e.g. glucose, arabinose, furfural, HMF, acetic acid) also increased. Hydrolyzate recycling results are given in Table 4 . The hydrolyzed sugar yields are calculated from the amount of corn stover used during the given hydrolysis step. Although the xylose yield of hydrolysis #1 is lower than that obtained under the same conditions and shown in Table 2 , there is no significant difference between these xylose yields (p = 0.07). Table 4 lists the hydrolyzed sugar yields that did not change significantly in each step. Hence, at the end of the third hydrolysis, the xylose concentration was approximately three-times higher than that after the first hydrolysis. The third hydrolyzate contained 47 g L -1 xylose, 11.6 g L -1 glucose and 7.3 g L -1 arabinose. 
Arabinose removing pre-hydrolysis
Acid hydrolysis is a simple method for the liberation of monosaccharides from hemicellulose, hence the yields of the products, the ratio of arabinose to xylose, could be easily controlled by choosing conditions, such as the type and concentration of acid, and the period and temperature of hydrolysis. 33 In our work, the purpose of arabinose removing pre-hydrolysis experiments was to enhance the xylose selectivity in the hydrolysis experiments. Arabinose removing pre-hydrolysis was performed at 0.2 % (w/w), 0.25 % (w/w), and 0.3 % (w/w) sulfuric acid concentration based on the results of Fehér et. al. 21 Results of sulfuric acid hydrolysis carried out with 0.2 % (w/w) acid concentration are shown in Figure 1 . In the case of pre-hydrolysis without soaking, the initial yields were greater than zero. This can be explained by the following: the raw material was thoroughly mixed with the 90 °C acid solution, and then the zero-time sample was withdrawn and centrifuged. The supernatant could contain some oligomers, which were then hydrolyzed during the total sugar determination giving significant total sugar concentrations.
In the case of arabinose removing pre-hydrolysis carried out with 0.2 % (w/w) sulfuric acid, the yields of glucose, xylose, and arabinose were 11.9 %, 13.1 %, and 19.8 %, respectively, after 8-hour acid hydrolysis (Figure 1a ). In the case of 24-hour soaking before hydrolysis, glucose, xylose and arabinose yields were 13.3 %, 14.2 %, and 22.9 %, respectively (Figure 1b) . The arabinose yield within 3-hour acid hydrolysis was lower than the glucose and xylose yields. After 4-hour reaction, arabinose yield increased faster than the yields of glucose and xylose.
Results of sulfuric acid hydrolysis carried out with 0.25 % (w/w) acid concentration are shown in Figure 2 . In the case of 0.25 % (w/w) sulfuric acid hydrolysis at 8-hour reaction time, glucose, xylose and arabinose yields were 13.4 %, 15.6 %, and 33.8 %, respectively. Soaked in 0.25 % (w/w) sulfuric acid corn stover hydrolysis results are shown in Figure 2b . After 8-hour reaction time, glucose, xylose, and arabinose yields were 13.6 %, 16.1 %, and 28.8 %, respectively. In the case of 0.25 % (w/w) sulfuric acid hydrolysis at the 2.5-hour reaction time, higher arabinose yield was obtained than that of xylose or glucose, while in the case of arabinose removing pre-hydrolysis with 0.2 % (w/w) sulfuric acid, arabinose yield overtook glucose and xylose yields at 3-hour reaction time. Arabinose yield grew faster at higher sulfuric acid concentration. The hydrolysis profiles are similar in both cases (Figures  2a and 2b ). Comparing 0.2 % (w/w) and 0.25 % (w/w) sulfuric acid hydrolyses, higher acid concentration results in higher sugar yield in the hydrolyzate. Results of arabinose removing pre-hydrolysis carried out with 0.3 % (w/w) sulfuric acid concentration are shown in Figure 3 . In the case of 0.3 % (w/w) sulfuric acid hydrolysis (Figure 3a) , the results are 14.5 % glucose yield, 18.7 % xylose yield, and 38.2 % arabinose yield at 8-hour reaction time. In the case of soaking after 8-hour hydrolysis, 14.0 % glucose, 18.3 % xylose, and 37.8 % arabinose yields were obtained (Figure 3b ). At 0.3 % (w/w) sulfuric acid hydrolysis, arabinose yield is higher than glucose and xylose yields at 2-hour reaction time.
Separate curve fitting was performed for each dataset of the arabinose removing pre-hydrolyses, and obtained k values are listed in Table 5 . In the case of arabinose, the pseudo first-order rate equation resulted in high R 2 values, which indicated high level of accuracy. At a given acid concentration, the k values of arabinose formation with soaking do not significantly differ from those without soaking. In the case of glucose, the pseudo first-order model did not fit properly neither with nor without soaking, and the biphasic model could result in acceptable R 2 values. The pseudo first-order model could not predict well the formation of xylose without soaking. However, when soaking was applied, the formation of xylose followed pseudo first-order kinetics, which implies that the soaking could convert the whole xylan fraction into an easy-to-hydrolyze fraction. By applying the biphasic model for the formation of xylose, the R 2 values increased only moderately compared to those obtained with the pseudo first-order model, which was due to the large deviation between the predicted and experimental data in the first phase of the reaction (0-4 hours). In the second phase (4-8 hours), good fits were observed (data not shown). The k values of the formation of all the components increased by increasing the acid concentration, which was due to the more severe reaction conditions, under which the hydrolyses become faster.
The 24-hour soaking of the raw material in the acidic liquid before hydrolysis did not increase the arabinose yield significantly compared to sulfuric acid hydrolysis without soaking. Results demonstrate that dilute sulfuric acid hydrolysis supports arabinose removal. Comparing 0.2 % (w/w) and 0.3 % (w/w) sulfuric acid hydrolysis, 15 % higher xylose yield was obtained at 8-hour reaction time with 0.3 % (w/w) sulfuric acid hydrolysis. The goal of arabinose removing pre-hydrolysis was to solubilize arabinose, while keeping xylose in the solid fraction. In the case of 0.3 % (w/w) sulfuric acid hydrolysis at 8-hour reaction time, 37.8 % arabinose yield was obtained together with 18.7 % xylose yield. We arbitrarily chose a 15 %-limit for the xylose yield in arabinose removing pre-hydrolysis. Xylose yield was 14.6 % and 26.0 % arabinose yield was obtained at 0.3 % (w/w) sulfuric acid concentration and 4-hour reaction time, hence these conditions were chosen for scaling up the arabinose removing pre-hydrolysis on a pilot scale.
Experiment on a pilot scale
With the arabinose removing pre-hydrolysis (data not shown) 2 g L -1 and 5.6 g L -1 arabinose and glucose was removed, respectively, which means 25.7 % arabinose and 12.1 % glucose of the theoretical. The hydrolysis aiming at arabinose removal results in 4.0 g L -1 xylose concentration that is 12.6 % xylose of the theoretical.
The arabinose reduced corn stover was subjected to a more severe hydrolysis (Figure 4) . The zero-time sample was withdrawn when the temperature reached 120 °C, and during the heating period the hydrolysis already started resulting in significant initial total sugar yields. After 60-minute reaction time in hydrolysis with 1.5 % (w/w) sulfuric acid, at 120 °C, and with 7 % (w/w) dry matter, 16.4 g L -1 xylose was obtained on a pilot scale, which corresponds to 64.1 % of theoretical maximum. Yields of glucose and arabinose were 7.2 % and 45.1 % of the theoretical, respectively. Pilot scale experiment on arabinose reduced corn stover resulted in 0.74 selectivity at 60-minute reaction time. Nearly the same (S = 0.72) selectivity was obtained in a one-step hydrolysis, at 120 °C, 60-minute reaction time, 5 % (w/w) dry matter with 2 % (w/w) sulfuric acid. Pilot scale experiment highlighted that a two-step hydrolysis (arabinose removing pre-hydrolysis and consequent xylose hydrolysis) did not result in significantly higher selectivity, however, the xylose yield was lower. Xylose hydrolysis in one-step required 20 g sulfuric acid per 100 g dry matter, while in the case of two-step hydrolysis, 21.2 g acid was used per 100 g dry matter. Based on these results, one-step hydrolysis can be more economical.
The arabinose formation showed first-order kinetics in the case of the hydrolysis of arabinose reduced corn stover (Table 6) , and a high level of accuracy (R 2 ) was obtained. However, the formation of glucose and xylose could be described accurately by the biphasic model; in the case of the first-order model, poor fits were observed, although the R 2 values do not reflect this.
Conclusions
Corn stover hydrolysis with sulfuric or hydrochloric acid gives high xylose yields. Although hydrochloric acid resulted in the highest, 88.8 % xylose yield under the condition of 2 % (w/w) acid concentration, 40-minute reaction time, 10 % (w/w) dry matter, at 120 °C, sulfuric acid was chosen for scaling up corn stover hydrolysis, since hydrochloric acid degrades xylose at reaction times longer than 40 minutes. Sulfuric acid hydrolysis with 7 % (w/w) dry matter mainly results in low sugar concentrations, around 15 g L -1 xylose. The concentration of the hydrolyzate can be carried out with hydrolyzate recycling, since it has been proven in this study that recycling does not decrease the xylose yield. Hence, a three-step hydrolysis performed with recycled hydrolyzate can increase xylose concentration three times. Corn stover pre-hydrolysis with dilute sulfuric acid (0.3 %, w/w) at 90 °C, 4-hour reaction time resulted in relatively high arabinose yield, 26.0 % of theoretical, in the hydrolyzate while keeping the bulk of the xylose in the solid fraction. Sulfuric acid hydrolysis with mild conditions (acid concentration lower than 0.3 %, w/w) is suitable to produce arabinose reduced corn stover. Pilot scale experiment proved that arabinose reduced corn stover hydrolysis results in neither higher selectivity nor higher xylose yield. As in the two-step hydrolysis, nearly the same amount of sulfuric acid was applied per 100 g dry matter, it can be concluded that one-step acid hydrolysis can be the more economical option. The kinetic modelling of pre-hydrolysis and xylose hydrolysis based on the total sugar concentration revealed that the arabinose formation could be described by pseudo first-order kinetics, however, in the case of glucose the biphasic model performed well. The xylose formation in the hydrolysis of arabinose reduced corn stover could also be described accurately by the biphasic model, however, when soaking was applied prior to the pre-hydrolysis, the first-order kinetics gave good fit in the pre-hydrolysis. 99 -*Easy-to-hydrolyze fractions (0.072 and 0.649 for glucose and xylose, respectively) were assumed to be equal to the yields obtained at the end of the hydrolysis reaction.
